A new small-angle X-ray scattering camera which utilizes a rotating-anode X-ray source, crystal monochromatization of the incident beam, pinhole collimation, and a two-dimensional position-sensitive proportional counter has been developed. Because the sizes of the X-ray focal spot, the sample and the resolution element of the detector are each approximately 1 x 1 mm, the camera was designed so that the focal spot-to-sample and sample-to-detector distances may each be varied in 0-5 m increments up to 5 m to provide a system resolution in the range 0.5 to 4.0 mrad. A large, general-purpose specimen chamber has been provided into which a wide variety of special-purpose specimen holders can be mounted. The detector has an active area of 200 x 200 mm and has up to 200 x 200 resolution elements. The data are recorded in the memory of a minicomputer by a high-speed interface which uses a microprocessor to map the position of an incident photon into an absolute minicomputer memory address. With this interface, over 105 events s-1 can be recorded. The data recorded in the computer memory can be processed on-line by a variety of programs designed to enhance the user's interaction with the experiment. Among these are routines for background and detector-sensitivity correction, contour and perspective plotting of the two-dimensional data, a variety of averaging schemes for determining circular averages and/or one-dimensional slices of the data, file-management programs to handle the large quantity of data produced by a two-dimensional detector, and an interactive package for communications with a central computing facility via a dedicated hardwired link. At the highest angular resolution (0.4 mrad) the flux incident on the specimen is 1.0 x 106 photons s-1 with the X-ray source operating at 45 kV and 100 mA. The performance of the instrument is demonstrated with several examples, among which are scattering patterns from voids in neutron-irradiated nickel, plastically deformed polyethylene and collagen fibrils. Results from a kinetic study of the crystallization of polyethylene are also reported.
I. Introduction
Small-angle X-ray scattering (SAXS) has long been used to study microscopic levels of structures represented by fluctuations in electron densities. Until recently, this technique suffered from the serious problem that the low intensity of available X-ray sources forced experiments to be performed in long slit collimation geometries in which angular resolution is good in one direction, but poor in the orthogonal direction. This limitation (i) required relatively large specimens which were often difficult to prepare, (ii) resulted in a large parasitic background caused by multiple Bragg and multiple diffuse scattering and (iii) made the examination of specimens which showed anisotropic scattering patterns nearly impossible. Recent technological developments have removed these impediments. First, X-ray sources have become significantly more powerful as rotating-anode and synchrotron systems have been developed and second, detection efficiency has increased through the use of both one-and two-dimensional position-sensitive X-ray detectors to record simultaneously many data points. A review of the crystallographic and diffuse-scattering applications of position-sensitive detectors for both X-rays and neutrons has been given (Hendricks, 1976 ). An * Research sponsored by the Energy Research and Development Administration under contract with the Union Carbide Corporation. instrument utilizing pinhole collimation and recovering the low intensity with a rotating-anode X-ray source and a one-dimensional position-sensitive proportional counter was described by Schelten & Hendricks (1975) . Other SAXS experiments which employ one-dimensional position-sensitive X-ray detectors have been reported by Dupont, Gabriel, Chabre, Gulik-Krezywicki & Schechter (1972) , Hashizume et al. (1975) , Faruqi (1975) , Flank & Naudon (1975) and Podolsky, St Onge, Yu & Lymn (1976) .
Although two-dimensional position-sensitive proportional counters were developed some years ago (Borkowski & Kopp, 1970 , they have only recently been used for X-ray diffraction (Cork, Fehr, Hamlin, Vernon, Perez-Mendez & Xuong, 1973 and neutron small-angle scattering (Ibel, Schmatz & Springer, 1971; Schmatz, Springer, Schelten & Ibel, 1974; Alberi, Fischer, Radeka, Rogers & Schoenborn, 1975; Ibel, 1976; Spooner, Mook & Child, 1978) . Application of such detectors to X-ray scattering has lagged because of their complex construction and the cost of the associated electronics and digital dataacquisition system, and because their relatively poor spatial resolution requires the construction of large cameras. Despite these problems, the anticipated gain in count rate over a one-dimensional system, and the ability to record data from anisotropic samples make the two-dimensional detector attractive. It is the purpose of this paper to describe our development of a new SAXS camera which utilizes monochromatic radiation, pinhole collimation and a two-dimensional position-sensitive detector. An overall view of the instrument is shown in Fig. 1 . In the following sections, the various components will be described, and the performance of the system will be illustrated with several examples taken from our current research in materials and polymer science and biophysics.
II. Geometrical considerations
Apart from requirements imposed by the resolution desired in the new instrument there are three physical constraints which must be considered: (i) the size of the focal spot, (ii) the maximum specimen size and (iii) the size of the resolving element in the two-dimensional detector. For our applications, it has been determined that a resolution of 0-5 mrad (corresponding to a A x-(~002 A-1 with Cu K0t radiation) will be necessary. The X-ray focal spot of a 6 kW Rigaku-Denki rotating-anode generator is 0"7 x 7 mm, while for a 60 kW machine it is 1.0 x 10 mm. Limited sizes of certain specimens dictated that the beam at the specimen should not exceed 1.5 mm in diameter. The twodimensional position-sensitive detector currently in use in our laboratory has a grid of 100 x 100 wires spaced 2 mm apart in both the x and y directions. Although the electronics are capable of resolving the point of impact of an incident photon to within 1 mm (f.w.h.m.), giving a grid of 200 x 200 points, we have chosen to set the resolution at the full width tenth maximum point, or 2 mm, in order to eliminate the need for deconvoluting the data for the effects of electronic smearing, and to decrease the computer memory requirements for data storage and analysis.
The scattered power P(K) recorded in a detector resolving element at the point (x,y) may be expressed as
where IKI = (4rr/2) sin 0, 20 = scattering angle, 2 = X-ray wavelength, tp = apparent brilliance of the X-ray source
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,/ I/ P • o Fig. 1 . The ORNL small-angle X-ray scattering laboratory. The main camera components are identified in Fig. 2 . In the upper right are the analog signal-processing electronics, computer system, operator and user consoles, and the graphics terminal. In the lower left is the one-dimensional position-sensitive detector system described by Schelten & Hendricks (1975) .
at the first pinhole (photons cm -2 sterad-1 s-1), F~ = area of the entrance slit (cm2), A~r-~l =solid angle subtended by the second pinhole (sterad), t=specimen thickness (cm), e-~"= specimen transmission, and ~ its linear absorption coefficient (cm-1), dS/df2(K)= specimen differential scattering cross section (cm 2) and Af22 =solid angle subtended by a detector resolution element (sterad). Although several different methods of 'optimizing' a collimation system can be defined, in the present case the most effective procedure is to maximize the power scattered into a detector resolving element subject to the constraint of achieving a desired resolution. The resolution, R, of the collimation system is defined as* R=~+fl (2) where ~ = maximum angular deviation of the incident beam and fl = maximum angular deviation of the rays recorded in the detector resolution element. For a collimation system with square pinholes of dimension al × al and a 2 × a2 separated by a distance La, and a detector with a resolving element of size a3 × a3 separated by a distance L2 from the specimen, which is located immediately behind the second pinhole, we find
Following Shaffer & Hendricks (1974) , the parameters of (1) dependent on the collimation system can be separated from those which depend exclusively on the sample, yielding a factor 222 qgalaza3 Poz 2 (4) L1L2 which must be maximized subject to the constraint of (2). Since for this collimation system al, a2 and a3 are constrained, only L~ and L 2 are adjustable in the maximization. By the method of Lagrange multipliers, the maximum in Po is found when 0~ = fl= R/2 giving by(3) (al +a2) L1 -R (5a) and (a2 + a3)
To achieve a resolution R(=/:~min) of 0"5 mrad, if a l = 0.7 mm, a2 = 1-5 mm and a3 =2.0 mm, the optimum focal spot-to-specimen distance, LI, is 4.4 m, while the * In small-angle X-ray scattering, a common definition of resolution is the minimum angle, emi,, to which data can be recorded. For the collimation system defined here, Groin = (a2 + 2~L2 + a3)/2L2 which, from (3) may be shown to be identical to the resolution R defined in (2). optimum specimen-to-detector distance, L2, is 7 m.
With the incident beam centered in a 200 x 200 mm detector, a total angular range of 0-5 to 14 mrad is covered. Larger angular ranges, with an attendant increase in incident beam power but lower resolution, are obtained by decreasing L1 and L2 while maintaining constant pinhole sizes.
III. The camera
The considerations of the previous section indicate that to achieve the desired resolution under the constraints of the existing X-ray source and with the current design of the two-dimensional detector, the overall camera length must be about 10 m. It was also necessary to design the system such that both the resolution and the X-ray wavelength or method of X-ray monochromatization could be changed readily. All of these criteria are met in the design shown schematically in Fig. 2 . The supporting frame consists of a steel box beam, 10 m long and 30 × 30 cm in cross section, into which a 60 cm vertical offset was built 50 cm from one end. This beam is pivoted at a point directly under the monochromator crystal which is mounted on the tube tower of the X-ray generator. Emerging from under the generator, the offset raises the beam above an access floor through a 1.2 m square hole. Two unistrut rails, 38 cm apart, are mounted on seven pedestals and are 104 cm above the access floor. (Fig. 2, section A -A.) These rails extend over the top of the X-ray generator to a point under the monochromator housing. The rails were aligned with a theodolite to be straight, parallel to each other, and level to within 75/~m. The entire structure can pivot through an angle of 30 ° about the crystal monochromator to align the beam tubes such that they are coaxial with the incident X-ray beam.
The incident beam monochromator is a small, flat piece of pyrolytic graphite (Sparks, 1968) . It is mounted on a stage which can be translated into the beam emerging at a -6 ° take-off angle from the X-ray generator, and can be tilted about a horizontal axis to make the diffracted beam horizontal.
The collimation system consists of two pinholes separated by distances of up to 5 m. The first is a 1 mm diameter hole in a lead sheet mounted on an x-y positioning stage on the front of the beam line. The second consists of a set of four specially polished tungsten edgest mounted to make a 1 mm square hole. These edges have surfaces parallel to the incident beam cut to make an included angle of 88 ° with the plane perpendicular to the incident beam. The polishing technique produces a radius of curvature of the edge which touches the beam of about 300 A over a length of 2 mm. 15 cm diameter vacuum pipes bolted to the unistrut rails.
A 125 #m mylar foil, tilted at 45 ° to the beam, mounted in a vacuum chamber immediately after the first hole, serves as an incident-beam monitor. A scintillation detector records the incoherent scattering normal to the beam. This scattering has been demonstrated to be linear over a wide range of incident-beam intensity (60:1).
The specimen chamber consists of a 30 × 30 × 35 cm vacuum chamber containing externally-operated x-y positioning devices for both the second pinhole and the specimen stage. Each of these positioners is driven by a Slo-Syn* stepping motor controlled manually or via the computer. Five interchangeable plugs have been mounted in the baseplate of the chamber; each carries a six-pin Kovar vacuum electrical feedthrough. This mechanism provides easily interchanged electrical leads for motors, solenoids, furnace power, thermocouples and other specimen controlling or monitoring devices. The specimen stage consists of a 15 × 15 cm plate which can be moved _+ 1-2 cm in both the x and y directions, and onto which a variety of special-purpose specimen holders can be mounted. One such holder, a motor-driven rotary wheel, is shown in Fig. 3 . This device permits 19 small specimens, mounted on interchangeable disks, to be rotated in turn into the beam under computer control. In addition, we have installed * Registered trademark of the Superior Electric Company, Bristol, Connecticut, USA.
a piece of glassy carbon on a sliding mechanism mounted on the second pinhole stage. By use of a stepping motor equipped with an eccentric cam, the glassy carbon can be reproducably moved into the incident beam (Fig. 3) . We periodically measure the intense glassy-carbon scattering as a second check on the incident-beam intensity, and we measure its attenuation to determine the transmission coefficient of the specimen.'~ The flight path to the detector consists of 0.5 and 1.0 m lengths of 20 and 35 cm diameter vacuum pipes. Scattered radiation emerges from this beam line through a 30 cm diameter 0.5 mm thick beryllium window. Since a beryllium sheet of such diameter and thickness will not support 1 atm, a rigid square grid of aluminum ribs, 8 mm deep by 1.0 mm thick and 40 mm apart, which is 96% transparent, is mounted on its vacuum side. The window is clamped between two O-rings to provide sufficient radial motion to compensate for the 4 mm sag which occurs when the beam pipe is evacuated.
The detector, weighing approximately 25 kg, is mounted on an x-y-z positioning stage adapted from a small table-top milling machine. The entire mechanism is mounted on a small dolly which can travel the length of the unistrut rails. The x-y motions (perpendicular to the incident beam) are controlled by ¢ This procedure is usually valid because the scattering from most samples contributes insignificantly to the intense total scattering from the glassy carbon. stepping motors, while the z-motion (parallel to the incident beam) is exclusively under manual control to prevent accidental penetration of the beam stop through the beryllium windows. The incident beam stop is mounted on a thin finger in the center of the 20 x 20 cm active area of the detector. The detector is positioned with the beam stop just touching the Be window on the flight path.
With this arrangement the resolution of the spectrometer is easily changed by inserting or removing sections of beam line and moving the detector to a new position immediately behind the exit window. To decrease the time necessary to evacuate the system after changing specimens, the specimen chamber may be isolated from the collimation and scattering beam lines by electropneumatic gate valves. Each of the three sections is separately pumped to a vacuum of < 10/~m Hg.
IV. The detector
The detector is a two-dimensional position-sensitive proportional counter developed by Borkowski & Kopp (1972) developed with two parallel grids of 75 #m wires. The wires in each grid are parallel to each other and are 5 mm apart while the grids are separated by 12 mm parallel to the beam axis. The drift region increases the photon-absorption probability and maintains the electron drift in a direction perpendicular to the detector plane. The detection portion of the chamber consists of two cathodes 12 mm apart with an anode centered between them. The cathode wires are 75 #m Nichrome supported on bronze spring fingers by epoxy joints that electrically isolate the wires from the springs. The anode wires are 12/~m stainless steel soldered to similar spring fingers. The springs are designed to keep sufficient tension on the wires to prevent them from sagging, but not enough to plastically deform them. The fill gas is 1 atm of 95 % Ar-5 % CO2, which is approximately 50% efficient for 8 keV X-rays. Photographs of the detector assembly have been published by Kopp & Borkowski (1975) and in the review by Hendricks (1976) .
The detector signals are processed by the rise-time method (Borkowski & Kopp, 1968 , 1970 . A block diagram of the circuit is shown in Fig. 4 . The sum of the pulses from the four comers of the detector is equivalent to the pulse created in a normal proportional counter, and contains both energy and absolute rise-time information. In the circuit of Fig. 4 , energy analysis eliminates pulses which result from higher harmonics (2/n) diffracted by the monochromator. Absolute rise-time analysis also reduces spurious counts resulting from partial-ionization tracks of the correct energy that may be caused by gamma rays emitted by radioactive samples. The output pulse from the energy discriminator is delayed and then tested for coincidence with the output pulse from the rise-time analysis circuit. The coincidence pulse is used to activate a gate and delay generator which in turn is used as the gate input to both the x and y axes of analog-todigital converters (ADC's). On receipt of a photon of both the correct energy and rise time, the digitized x and y addresses appear on the two ADC outputs for further processing by a digital computer.
We have verified that in the operating range of our detector, the gas amplification factor follows Diethorn's (1956) relation. Thus, a semi-logarithmic plot of In A vs V, where A is the amplitude of the sum pulse and V is the cathode bias voltage, is linear. Two separate curves have been determined, one for Cu Ket (8"05 keV) X-rays and one for Mn Kct (5"89 keV) X-rays emitted by the radioisotope 5SFe. With these curves, it is a simple matter to count either energy without any adjustments to the position, rise time, or energy-signal processing electronics; only the detector bias need be adjusted to position accurately the Mn Kct signal in the Cu K0t energy window.
We have mounted a 1 mCi 55Fe source in a vacuumtight holder with a 0-125 mm Be window. This source, when placed in the specimen position 5 m from the detector, produces an integral count rate of 300 counts s-1. The spatial distribution of this radiation (Fig. 5 ) is a measure of the non-uniformity in sensitivity of the detector, as well as the shadowing effect of the aluminum grid, which supports the exit window, and the beam stop with its supporting arm. All scattering patterns are corrected for this non-uniformity by dividing by the normalized sensitivity pattern. The x and y axis linearity and channel-to-position conversion factors can also be obtained from the data of Fig. 5 by determining the spacing (in channels) of the shadows of the known positions of the beryllium window support grids. We have found the detector to be linear in both x and y directions, and to be free from pincushion or barrel distortions within the accuracy of our measurements (1%). By adjusting the analog signal-processing electronics appropriately, we can achieve the same sensitivity (mm channel-1) in each direction. system, and a reasonable complement of one-and twodimensional graphics display programs, (iii) a hard-
V. The computer
There are several considerations in selecting an on-line computer system for the collection, manipulation and display of the data recorded by the two-dimensional position-sensitive detector. Such a system should have (i) at least a 16-bit word, in order that a minimum of 65 536 events can be recorded per channel before overflow occurs, (ii) a 65 K memory which allows sufficient core for 16 K of data, a powerful real-time operating shown in Fig. 6 . A unique feature of this machine is its modular bus architecture for movement of data between the central processing unit (CPU) and memory, and the possibility to add custom hardware instructions which utilize the modular bus. This aspect plays an important role in the detector interface to be discussed in the next section. A Tektronix model 4014-1 graphics terminal with a 48 cm display screen was selected as the graphics display system because (i) it is a storage display terminal as opposed to a refreshingtype scope, thus requiring the graphical results to be computed only once instead of repetitively, (ii) it is RS-232C compatible with any computer and (iii) it has a full complement of Fortran driver programs, thus facilitating the development of specialized plotting routines required by the SAXS experiments.
VI. The interface
Interfacing the digitized x-y position of the incident photon as determined by the two ADC's in Fig. 4 rate and the architecture of the computer. The interface must accomplish two functions: (i) the variable number of bits of information obtained from each ADC must be converted into a single 16-bit word which is the absolute address of the corresponding location in the computer memory and (ii) the contents of that address must then be incremented by one and tested for overflow. The simplest possible interface which achieves these objectives connects the ADC's directly to the general-purpose interface board, and uses the ModComp interrupt hardware to initiate necessary software routines. Preliminary tests indicated that with such an interface 100% of the CPU time would be devoted to storing data when the data rate reached 50 000 events s-1, leaving no time for the desired graphical display of the data. Since data rates of as high as 500 000 events s-1 could be envisioned for the instrument, this type of interface was rejected.
More sophisticated, and much higher speed, dataacquisition systems have been described by Cork et al. (1973 Cork et al. ( , 1974 and Klesse & Kostorz (1976) in which the mapping is performed by external hardware, and the data are stored in memory external to the CPU. We have developed an interface in which each of the two major functions is also performed by separate highspeed hardware. However, unlike other systems, we use the minicomputer memory, rather than external memory, for data storage. A block diagram of the interface is shown in Fig. 7 . The address mapping procedure is handled by a Scientific Micro Systems* microcontroller, which is a fast, bit-string oriented microcomputer. The microcontroller is connected to the two detector ADC's through a high-speed buffer, and to the ModComp II through three Model 4801 generalpurpose controller (GPC) interface boards. The ADC buffer is used because our current Northern Scientific NS 621 ADC's are the rate-limiting devices (7/~s mean conversion time), and it is desirable to clear and reset them as rapidly as possible.
The operation of the interface is as follows. At the start of an experiment the computer operator downloads the origin and dimensions of the data-storage array into the microcontroller. This information is used by the microcontroller to determine the absolute memory location into which an event is stored in the ModComp. The microcontroller program is designed to operate on a three-level priority basis; first, it tests to see if there is ADC data ready to read and, if so, assembles the 16-bit absolute address and places it on a last-in first-out stack; second, it tests the I/O lines on the ModComp general purpose interface to see if the computer is ready to receive data and, if so, fetches an address from the stack and places it on sixteen parallel output lines; finally, it tests if the run is complete. With this procedure, in excess of 100 000 events s-1 can be processed. Extension to higher rates is easily accomplished by using several microprocessors in parallel. The second major function, that of incrementing the appropriate memory location and storing the address in a separate buffer in the event of an overflow, was solved by installing a custom I/O macroinstruction in the computer mainframe. This has been done by recoding the read-only memory chips in the standard ModComp communications processor (CP). We have developed two instructions. In the first, on receipt of a high-priority interrupt from the microprocessor through the general-purpose interface board, a special source identification is recognized and complete control of the machine, through the modular-bus control, is passed to the CP. The recoded hardware instruction reads the memory address to be incremented from the GPC, fetches the contents of that address, increments it by one, and stores it back in memory. It also tests for overflow and, if true, stores the address in a stack for later processing. Control is then returned to the central processor. This instruction loop has an execution time of 3.8 ~s and permits data rates up to about 250 kHz. The second instruction is similar to the first, except that on receipt of an interrupt from the microcontroller, a block transfer ofn addresses is made thereby reducing the mean execution time to 1.8 ~s event-1. With this instruction over 550 000 events s-1 could be managed by the system, including overflow handling. Complete details of this interface are given elsewhere (Twichell & Hendricks, 1976 Twichell, Hendricks, Upton & Johnson, 1978) .
It is important to note that these custom instructions do not use any of the CPU's general-purpose registers, thus eliminating context switching during data acquisition. This leaves the computer free for system control, graphics display and other necessary computations, or even unrelated background computations such as program editing and compilation, all of which may be performed simultaneously with data acquisition. At 100000 events s-~, the apparent machine speed for other tasks is degraded by only 25~.
A powerful feature of this data-acquisition scheme, apart from its speed, is its generality. The custom hardware instructions in the ModComp CP are oblivious to the data-array size and format; these are determined exclusively by software in the microprocessor. It must be recalled that the minimum conversion gain of our ADC's is 8 bits (256 channels); no increase in conversion rate can be achieved by selecting smaller conversion gains. A data array 256 x 256 (65 K) is clearly too large for either our machine or reasonable data handling. We have developed programs to acquire data in a variety of arrays, including 64 × 64 and 128 x 128 arrays which are accomplished by dropping the least significant bits, a high-resolution 'zoom' which selects a 64 × 64 region of interest from a 128 x 128 array, and high-resolution rectangular arrays in which the central horizontal strip of 32 or 16 channels is taken from a 128 or 256-channel y axis to produce 32 × 128 and 16 x 256 arrays. In such procedures, which are especially useful for scattering patterns which show one-dimensional orientation effects, the detector's electronic resolution element is still square. There is no compression of data along the y axis into a few low-resolution channels. Rather, the y axis resolution remains equal to that along the x axis and data outside the central strip are discarded.
Finally, high-speed dynamic studies can be implemented with the interface developed here. A sequence of ModComp data-array origins can be stored in the microprocessor registers, and, with simple software, a new origin can be selected for address mapping in less than 2 ~ts. The time at which the origin is changed can be triggered by a pulse from an external reference which is generated, for example, by a field applied to the specimen. Through programming, it would be possible to dedicate as much as 32 K of the ModComp memory to data acquisition thus allowing the simultaneous presence of eight 64 x 64 data arrays. The instrument is thus uniquely suited to a wide variety of dynamic experiments, such as the stretching of muscle (Faruqi, 1975; Podolsky et al., 1976) , the rotation of non-spherical molecules in solutions in the presence of electric or magnetic fields and composition fluctuations in binary alloys during oscillatory temperature fluctuations.
Vll. Software
The instrument described in the preceding sections requires a significant complement of software to be as efficient and as versatile as possible for the user. The special software which has been developed for this system falls broadly into five categories: operatingsystem modifications, the data-acquisition control program, the data-base file-management system, data plotting and three-dimensional visualization programs and data-analysis routines. Each of these is described briefly in the following paragraphs.
No modifications to the manufacturer-supplied Modular _Applications Executive MAX III operating system were required. In all cases, our changes involved only straightforward additions of special interrupt handlers to process data and service interrupts from the general-purpose interface controllers as described in the last section. We have added simple custom interrupt handlers for motor limit switches and for beam-monitor scaler/timer devices, and an interruptdriven memory-increment handler which serves as a backup to the custom microcoded CP instruction. Three symbiont-device programs have also been added to perform in-core format changing, to allow paging on the Tektronix graphics terminal and to allow the user to access remote high-speed line printers at the central computing facility as if they were local logical devices (Hendricks, Lin, Betz & Stephenson, 1976) .
All aspects of data acquisition and instrument control are the responsibility of two high-priority foreground tasks called OVF and SAX. Task OVF performs two functions. First, it loads the absolute starting address of a 400-word overflow buffer array into a dedicated memory location. Second, it tests (every 10 ms) the 390th word of the array to determine if it has been used, and if so, halts data acquisition until the buffer can be transferred to disk and the pointer reset. Otherwise, it relinquishes the CPU to SAX or other low-priority tasks. In this manner, the critical overflow address buffer is examined regularly, independent of the activity of all other programs simultaneously in execution. Without such control, at high data rates the custom hardware instruction could overwrite all of core (including the operating system) with overflow addresses. This task is automatically loaded and started into execution by SAX, and is completely transparent to the user until the buffer is full.
SAX is an interactive program which communicates with the user in simple English. Its various directives provide complete control of the camera functions among which are: select address mapping routine in the microprocessor; start and stop data acquisition; zero data array; save data on disk; move motors: enable and disable various interrupts; print experiment status reports. They may be entered from a user's console or, for automatic experiments where many specimens are to be run (e.g. with the specimen wheel) or for moderate-speed dynamic experiments where a transient effect is to be followed (e.g. the crystallization of a polymer), the directive sequences can be written in advance and read from a disk file. In this case, it is essential to prevent the program from reading a new directive until after the current directive has been completed. The interrupt enable/disable directives can be used to select real time, a preset time or counts on the scalers, or a specific motor interrupt to cause the desired delay. No further directives will be read until the specified interrupt occurs.
Program SAX performs no services in the area of data-base management or data display and analysis. These functions are all accomplished at the lowest priority in a background core partition, where they are executed under control of the standard system program JOBCT (job control). Without forethought, the quantity of data generated by a two-dimensional detector can rapidly increase to unmanageable levels. To alleviate this problem, a Fortran direct-access data-base management system has been developed in which independent experiments with variable dataarray sizes can be stored on disk, fetched from disk back to core for further analysis, deleted, and otherwise manipulated (Hendricks, Lin, Betz & Stephenson, 1976) . In addition, because of the limited storage available for the data base on the ModComp disk (480000 words), we have also duplicated the filemanagement scheme for execution on a central computer, where an entire disk pack (5"6 x 106 words) has been dedicated to data-array storage. Software has been written to allow individual experiments to be moved bi-directionally from one data base to the other. Thus, we can keep approximately one hundred 64 x 64 data arrays on the ModComp system, while over 1300 can be kept on the disk at the central facility.
The two-dimensional position-sensitive detector records so large a quantity of data that graphical analysis is imperative to judge the quality of an experiment prior to detailed quantitative analysis. We have developed a Fortran interface package which allows all plotting on the Tektronix graphics terminal to be coded with standard CALCOMP subroutines. Included in this package are subroutines N UMBER and SYMBOL (routines for plotting numbers and a wide variety of symbols in any orientation) that are not normally available in Tektronix/Calcomp preview packages. To produce publishable-quality hardcopy output we have elected to use the hardwired link to the central facility where several CALCOMP plotters are available. To this end, we developed an efficient spooling program which saves all of the calling arguments to the screen graphics, transmits them to the central facility, and recreates the plot seen on the local screen. With this software, it has been straightforward to carry over to the ModComp machine some powerful plotting packages developed for the central facility. Among these are PERSPEX, a three-dimensional isometric and perspective plotting program (Tucker, 1973) , CR4CON, a two-dimensional isointensity-contour plotting program (Tucker, 1975) , and INTRI-GUE, a general-purpose plotting package designed to make linear, logarithmic and semi-logarithmic plots (Emmett, 1971) .
Finally, we have developed a series of background overlay tasks for the quantitative analysis of data. Among these are CIRAVE, a circular averaging routine for producing intensity versus scattering-angle data for isotropic scatterers, and ANGLE, a routine which computes the intensity along a slice of variable width at arbitrary azimuthal angles. These two programs accurately take into account intersections of circles (represented by regular polyhedra of 16 or more sides) or azimuthal slices with the finite detector resolution elements and partition counts within the elements. Data-analysis codes have been developed that interactively compute the radius of gyration, Porod constant and integrated intensity.
The significant feature of the computing system described here is its ability to not only accommodate a sophisticated, high-speed data-acquisition system, but also simultaneous, on-line analyses of the results. In cases where too many data are collected for on-line analyses, it is simple to duplicate the codes and perform the analyses in batch mode on the central-facility machines.
VIII. System performance
Several parameters may be used to describe the performance of the new small-angle scattering camera. Among these are the incident-beam intensity, electronic noise, parasitic slit-edge scattering, dead time and stability. The incident-beam intensity has been measured by the multiple-foil method, with appropriate attention to the problem of non-uniform foil thickness described by Weinberg (1963) and Shaffer & Hendricks (1974) . At the highest angular resolution of the incident beam, 0.4 × 0.4 mrad, the measured power through the collimation system is (1.00+0-05)x 106 photons s-1 when the X-ray source is operated at 45 kV and 100 mA. If the source were operated at 60 kV and 100 mA, the power would be approximately 2 × 106 photons s-1. The scaling to other collimation geometries is easily computed from the equations of §II. As a comparison, we consider the incident-beam fluxes currently being reported from small-angle X-ray scattering instruments constructed at the synchrotron sources DESY in Germany and SPEAR in the USA (Table 1) . Such comparisons must be made with caution. For the data of Table 1 , neither of the synchrotron sources was operating under optimum conditions for the production of synchrotron light. Further, synchrotron radiation is considerably better collimated in the vertical direction than the angular resolution selected for operation of the small-angle facilities. Thus, they would scale more nearly linearly if the angular resolution were improved. Because it is not yet clear exactly what the scaling is, and because the angular resolution of the systems reported by Barrington-Leigh & Rosenbaum (1974) and Webb, Samsen, Stroud, Gamble & Baldeschweiler (1977) , are not easily converted to higher resolution, we have chosen to scale the power of our system to the resolution selected at synchrotron sources. It is clear from these comparisons that, especially if a 60 kW X-ray generator should be available, conventional X-ray sources can still be highly competitive for small-angle scattering applications.
The electronic noise of our detector, measured with the X-ray source turned off, is approximately 2 counts s-1. This background is almost uniformly distributed over the detector, with only a small increase near the detector range limits. The total electronic noise plus parasitic slit-edge scattering is 80 counts s-l, with most of the parasitic scattering occurring in a crossshaped pattern (reflecting the square symmetry of the pinhole) in the vicinity of the incident beam. We have found that a significant portion of this intensity is higher-order harmonics diffracted by the monochromator and not eliminated by our electronics.
We have determined the dead time of the entire detection system by the method described by Chipman (1969) , and found it to be 15 #s. This is significantly longer than the 7/~s estimated in §VI, and is not yet understood. We anticipate reducing this value to < 5 ~s with faster ADC's and new hardware shift registers operating under the control of the microprocessor.
Special precautions have been taken to assure the stability of the system. A stabilizing transformer has been added to the input mains of the X-ray source. Constant temperature, closed-circuit water is used to cool the anode. The original low-capacity vacuum system on the generator has been replaced with a large, trapped diffusion pump. Filament lifetime is now consistently over 4000 h. With moderate laboratory temperature control ( + 3 °C) the incident-beam intensity is stable to better than 5 %, and these fluctuations can be corrected with the incident-beam monitors. Larger laboratory temperature fluctuations cause a nonlinear drop in the beam intensity to 30 % of its maximum value.
IX. Applications
Our SAXS program is involved in a broad spectrum of materials science and biophysical structural re- Harmsen, Leberman & Scholz (1976) . (b) Webb, Samsen, Stroud, Gamble & Baldeschweiler (1977) . (c) An area detector is being designed for this system. (d) A linear position-sensitive proportional counter is being tested.
search. The performance of the camera described in the previous sections will be illustrated with a few selected examples from our work.
A problem of continuing importance in the development of fission and fusion reactors is the adverse effect of neutron-irradiation-induced swelling of structural components. Small-angle X-ray and neutron scattering have been demonstrated to be powerful tools for the evaluation of the size distribution and total volume fraction (swelling) of voids created by neutron irradiation (Kissinger, 1968; Kulcinski, Mastel & Kissinger, 1971; Epperson, Hendricks & Farrell, 1974; Hendricks, Schelten & Schmatz, 1974; Schelten & Hendricks, 1975; Hendricks, Schelten & Lippmann, 1978) . As a part of our program to correlate the swelling induced by neutron and heavy-ion damage, we are determining void properties in neutron-irradiated nickel as a function of irradiation temperature and fluence. A typical scattering pattern, measured from a foil only 20/~m thick, is shown in Fig. 8(a) . Because this pattern shows cylindrical symmetry, we have obtained the circularly averaged intensity versus scattering angle curve shown in Fig. 8(b) using the program CIRA VE described in §VII. From these data, and the absoluteintensity calibration factor, we have determined the radius of gyration, R~=91"4 A, and the swelling, AV/V=0.61%. Through the use of the multiplespecimen wheel, such data can be obtained rapidly and accurately as a complement to companion transmission electron microscopy studies. Further details will be presented elsewhere (Lin & Hendricks, 1978) .
There is widespread interest in the kinetics of crystallization of polymeric materials and/or domain structure formation. Until recently, it has been very difficult to obtain dynamic structural information during such processes because of the long times required to record a small-angle scattering pattern with traditional apparatus. For example, Wilkes & Emerson (1976) have approached the problem in two ways; first, they made measurements at low temperatures where the kinetics of domain formation in a polyurethane were slow compared with their data recording speed, and second, at faster kinetics they recorded data at only a few fixed angles and attempted to infer the scattering curve from these data. The first truly dynamic experiment was performed by Schultz (1976) who used a Kratky camera equipped with a one-dimensional position-sensitive detector to record the scattering curves from two polymers. With Schultz, we have extended this work using the high-speed dataacquisition capabilities of the 10-meter camera to investigate further the kinetics of crystallization of polyethylene. Two coaxial resistance furnaces were constructed to fit on the specimen stage shown in Fig. 3 . Tantalum reflectors were used as heat shields. One furnace was mounted such that the incident beam passed through the center of the specimen with no interference from either the coils or heat shields. The specimen, mounted in a small steel block and with a thermocouple attached to it, could be moved from one furnace to the second by activating an electric solenoid. Because of the speed with which data were collected all necessary SAX directives were read from a disk file. Depending on the isothermal crystallization temperature, data were recorded for 30 to 200 s in time intervals of from 50 to 600 s. In all, some 250 patterns were recorded at seven different temperatures. Preliminary examination of results was performed during the course of an experiment by displaying the isointensity contour maps, and by logging a status report which recorded such data as the total number of photons counted, the clock time when the run was completed, and other run-identification data. Following this series of experiments, the data were transferred to a disk pack at the central computing facility for final analysis in which each curve was corrected for background, detector sensitivity, and the spherical average was computed. Typical results for the 118 °C run are shown in Fig. 9 while the integrated intensity (which is related to the degree of crystallinity) is shown in Fig. 10 . It is significant that eight experiments could be performed during the 400 s which elapsed between the start and completion of the crystallization process. Complete details of this investigation will be presented elsewhere (Schultz, Lin & Hendricks, 1978) .
The results presented thus far are from isotropic scatterers where all final information can be obtained from the spherically averaged plot. We turn now to anisotropic scattering, where the new camera is producing information heretofore obtained only with difficulty. As an example, some results from our investigation of the mechanism of elastic-plastic deforma- ment results in the classical 'two-point' pattern as shown in Fig. 12 . For the first time it is possible to obtain quantitative intensity data for such patterns. As a final example, a typical result from our continuing investigation of duck-tendon collagen fibrils is shown in Fig. 13 . A powerful feature of the interactive graphics terminal is cursors that allow one to determine (x,y) coordinates of any feature displayed. With known channel-to-angle conversion factors, positions of the various Bragg maxima can be obtained within a few seconds. In the course of this study, we have found that the width of the Bragg reflections varies significantly with specimen condition and handling. Although the data-collection rate is not significantly improved over that with the one-dimensional system (Schelten & Hendricks, 1975) , we have found that variations in width are large enough that with many specimens not all of the integrated intensity could be recorded with a linear detector, thus leading to erroneous results.
X. Conclusions
The new ORNL lO-meter small-angle X-ray scattering camera is a powerful instrument for structural research. Like our previously reported system which utilizes a one-dimensional position-sensitive detector, the new system records the true sample scattering cross section dS/d~ without slit-smearing effects. In addition, it records in a single pattern an entire plane in reciprocal space thus making it easy to observe even small deviations from angularly isotropic scattering. On-line interactive graphics display and data analysis have significantly improved the efficiency of research. Finally, through careful collimation-system optimization, fluxes comparable to those observed in small-angle scattering cameras constructed at synchrotron sources have been achieved at comparable angular resolution with a 6 kW rotating-anode source. Installation of a 60 kW source at this instrument would further improve estimates of performance.
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A. • , Fig. 13 . Isointensity scattering pattern from collagen fibers (obtained from duck tendons) stained with uranyl acetate and phosphotungstic acid. The first seven orders are clearly resolved. Higher orders can be recorded by decreasing L2, the specimento-detector distance, and using the 'zoom' data recording microprocessor data transfer routines. Integrated intensities under the diffraction maxima have been obtained by summing the data in a band the width of the peaks. Measurement time was 400 s at 45 kV and 60 mA, with an incident-beam resolution of 0.4 mrad.
